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Abstract  
Rea, D. K. and Leinen, M., 1988. Asian aridity and the zonal westerlies: Late Pleistocene and Holocene record of 
eolian deposition in the northwest Pacific Ocean. Palaeogeogr., Palaeoclimatol., Palaeoecol., 66:1 8. 
A 30,000-year record of eolian deposition in the northwestern Pacific Ocean provides a history of the aridity of the 
Asian source region and information on the changing latitude and intensity of the zonal westerlies. The position of 
the maximum in eolian flux to the deep sea remained unchanged at 38 ° to 40°N during this entire time period, but the 
dust flux record of aridity is greatest 6000 years ago at the Holocene climatic optimum. Eolian grainsize data indicate 
that the northern margin of the westerly jet stream retreated northward during the Holocene to a poleward extreme at 
about 6000 years ago and then moved back toward the equator. The change in wind intensity across this margin was 
continually reduced throughout the Holocene. These sorts of data enhance our understanding of the behavior of the 
atmosphere during times of climate change and can be used to test computer-generated models of past climatic 
conditions. 
Introduct ion  
The inorgan ic  componen t  of deep-sea sedi- 
ments,  largely minerals  derived from the con- 
t inents,  of ten conta ins  a rel iable record  of 
ocean  and cl imate history.  Abou t  95% of the 
te r r igenous  mater ia l  in the ocean  arr ives  by 
r iver  and is deposited on con t inen ta l  shelves 
and slopes, for a few hundred  ki lometers  
seaward as hemipelagic  mud, and occas iona l ly  
much  fa r ther  as turbidites.  In subpolar  regions,  
f loating ice carr ies  grains  of all sizes towards  
the equator ,  provid ing  clear  physical  evidence 
of present  and past  glacial  climates.  Seaward  
of the rough ly  500-km broad  zone of hemi- 
pelagic deposi t ion and equa to rward  of  the 
realm of ice raft ing,  the t e r r igenous  componen t  
of pelagic sediment  is domina ted  by wind- 
blown dust, lifted from dry regions of the 
con t inen t s  and t r anspor ted  m a n y  thousands  of 
k i lometers  in the upper  t roposphere.  The mass 
accumula t i on  ra tes  (MAR) of  all these mate- 
rials record  some aspect  of their  supply to the 
ocean,  and their  grainsize distr ibut ions,  in 
the absence of abyssal  per turbat ions ,  should 
reveal  the in tens i ty  and var iabi l i ty  of their  
t ranspor t .  Dur ing  the past  few years  we have 
applied this concept  to the eol ian componen t  
of deep-sea sediments,  in te rpre t ing  from tha t  
record  both  source a rea  ar idi ty  and the chang- 
ing in tens i ty  of  the t r anspor t ing  winds (Rea et 
al., 1985). 
The s tudy of  pa leoc l imato logy  has now 
progressed to the point  where impor tan t  ad- 
vances  can be derived from numer ica l  models 
of  past  cl imates and, most  notably,  verif icat ion 
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(or rejection) of such model output  by paleo- 
climatic proxy data. Models of late glacial and 
Holocene climates have been constructed by 
the COHMAP (Cooperative Holocene Mapping 
Project) project members and tested against 
both continental  and marine paleoclimate 
records (Kutzbach and Guetter, 1986; Prell and 
Kutzbach, 1987). One feature of these and other 
climate hindcasts is a time of enhanced climate 
warming in the early to mid Holocene, 9000 to 
6000 years ago, which has long been recognized 
in proxy climate data. The results of the 
Kutzbach and Guetter  (1986) work with the 
National Center for Atmospheric Research 
Community Climate Model indicate enhanced 
monsoonal circulation over continents, espe- 
cially southern Asia, at this time. In central 
Asia, however, the value precipitation-minus- 
evaporation is reduced so that  the modeled net 
effect of the Holocene climatic optimum in this 
area is an increase in aridity. 
Results of the CLIMAP (Climate: Long- 
range Investigation, Mapping and Prediction) 
project studies in the Pacific Ocean (Moore et 
al., 1980) show that 18,000 years ago the steep 
portion of the sea-surface temperature gra- 
dient in the northwest  Pacific was shifted 5 ° to 
the south of its present position. As subtropical 
sea surface temperatures remained unchanged 
or even warmed up, the glacial age polar 
cooling resulted in a larger temperature gra- 
dient across the zone of the westerlies, as well 
as an equatorward shift of ocean circulation 
patterns (Thompson and Shackleton, 1980). 
The steeper gradient would be expected to 
enhance both atmospheric and oceanic circula- 
tion. 
Indices of modern atmospheric circulation 
for the northern hemisphere (Wallace and 
Hobbs, 1977) or for the Northwest  Pacific in 
particular (Oort, 1983) show that  in the upper 
troposphere the most intense winds, reaching 
40 m s - i ,  occur between 30°N (in winter) and 
40°N, and decrease in intensity to the north. 
This zone of high winds, the jet  stream, lies 
several degrees south of the main gradient in 
sea-surface temperature. 
Eolian deposition in the North Pacific has 
been the subject of numerous investigations 
over the past two decades (Windom, 1975). 
Ferguson et al. (1970) in the northeast  Paci- 
fic, and Blank et al. (1985) in the northwest 
Pacific have demonstrated that  aerosol miner- 
alogy matches that  of surface sediments of the 
sea floor. Leinen and co-workers (Leinen and 
Heath, 1981; Leinen et al., 1986) have shown 
that  concentrat ion patterns of quartz, an 
unequivocally eolian mineral in pelagic sedi- 
ments, in North Pacific surface sediments 
mimics present atmospheric circulation pat- 
terns. Pleistocene records of eolian deposition 
have been studied by Janecek (1983), Pisias 
and Leinen (1984), Janecek and Rea (1985), and 
Morley et al. (1987) all of whom were able to 
document the presence of Milankovitch orbital 
periodicities in the eolian materials. Longer- 
term records of eolian deposition in the North 
Pacific have been provided by Rea and Janecek 
(1982), Janecek and Rea (1983), Janecek (1985), 
Leinin (1985), and Rea et al. (1985). Together, 
these reports document the history of eolian 
deposition since the Late Cretaceous and 
indicate important changes in eolian processes 
during the earliest Eocene, the Miocene, 
especially later portions, and the mid-Pliocene 
when an order of magnitude increase in the 
dust flux from continents to the North Pacific 
occurred. The combined efforts of all these 
authors suggest that  eolian dust composes 
essentially the entire mineral fraction of the 
North Pacific pelagic sediments they studied, 
which include two cores lying along the 
transect  that  is the subject of this paper, 
In this study we concentrate on the record of 
the past 30,000 years. We hope to be able to 
document: the changing aridity patterns of the 
integrated eolian source region in China from 
this distal perspective, based on dust flux data; 
and changes in the latitudinal position of the 
intense portion of the westerlies, based on the 
eolian grainsize data. The resulting informa- 
tion will be suitable for comparison with land- 
based records of late Pleistocene and Holocene 
climate of east-central Asia, and with com- 
puter-based hindcasts of prevailing conditions 
there. 
Sediments, stratigraphy, and analyses 
Samples were obtained from six cores which 
together  form a longitudinal t ransect  across 
the prevailing westerlies near 160°E, between 
about 28.5 ° and 46.5°N (Fig.l, Table I). The 
transect  lies approximately 2500 km downwind 
from mainland China and 3500 km from the 
important  dust source regions (Zhang, 1983; 
Kukla, 1987). Most samples are dominated by 
the non-biogenic, mineral component and so 
are diatom silty clays or radiolarian-bearing 
diatom silty clays. We deliberately chose cores 
that  had been studied by the CLIMAP project 
and adopted their  s t ra t igraphy (Shackleton, 
1977; Moore et al., 1980). When possible, cores 
were sampled at a 6000-year interval  from 0 to 
30,000 years, spacing being determined by the 
location of the 18,000 year horizon and the 
assumption of l inear sedimentation rates. One 
core, RC-14-105, was sampled more closely. 
This sampling strategy allows construct ion of 
no r th - sou th  profiles, time slices, of eolian 
indicators at 6000-year intervals. 
The mineral component of each sample was 
isolated by a series of extractions to remove 
calcium carbonate,  various oxides and hydrox- 
ides, and opal; details of these procedures are 
given by Rea and Janecek (1981). The extrac- 
tion procedure has a precision of about _+ 5~/o. 
Because of their  location immediately down- 
wind from the West Pacific island arcs there is 
a small amount  of volcanic glass (ash) in most 
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Fig.1. Index map of the North Pacific Ocean showing core 
locations. 
TABLE I 
Locations of cores studied 
Core Latitude Longitude 
V-20-122 46°34'N 161 41'E 
V-20-126 42°09'N 155°52'E 
RC-14-105 39°41'N 157°33'E 
V-20-129 37°41'N 156"35'E 
RC-10-167 33°24'N 15ff23'E 
V-28-294 28°26'N 139°58'E 
of the samples which can not be removed 
completely by the extract ion procedures. 
Smear slides of the extracted grains show that  
glass rarely exceeds 10 or 15% of the sample, 
but this ash is included in the calculation of 
weight percents which, therefore, are slightly 
higher than the true, cont inental ly derived 
mineral percentages (Table II). Data from one 
sample that  was predominantly ash, V-20-126, 
115 cm, were not used in any interpretations.  
The parameter  required for proper quantita- 
tive interpreta t ion of paleoprocesses is not the 
weight percent  of any one sedimentary con- 
stituent,  which varies in response to the input 
of every component to the sediment, but the 
mass accumulat ion rate (MAR), measured in 
g cm-2 10-3 yr-1,  of the individual component 
in question. The flux values given here are the 
product  of the amount  of mineral dust in wt.%, 
the linear sedimentation rate (LSR) in cm 10-3 
yr 1, and the dry bulk density (DBD) of the 
sediment in g cm -a. Linear  sedimentation 
rates were based on the determinat ion of the 
18,000 year horizon made by the CLIMAP 
project (Shackleton, 1977; Moore et al., 1980), 
and range from about 0.9 to 7.8 cm 10-a yr-1.  
Determinat ion of DBD values from dried 
samples depends on measuring the dried salt in 
a sample, assuming a paleosalinity, and back- 
calculating the original water content. We 
estimate these values (Table II) to be within 
_+25% of the real ones; this aspect of the 
analyses of such samples is often the step t h a t  
limits the resulting accuracy. Nevertheless, 
DBD values average about 0.2 0.3 g cm 3, 
approximately the value measured for fresh 
T A B L E  II 
Eo l i an  d a t a  f rom N o r t h w e s t  Pacif ic  cores.  DBD is dry  bu lk  dens i ty ,  LSR is l inea r  s e d i m e n t a t i o n  rate ,  M A R  is m a s s  
a c c u m u l a t i o n  r a t e  
Dep th  Age  DBD LSR D u s t  D u s t  M A R  Dus t  size 
(cm) (10 3 yr) (g cm -3) (cm 10 -a  y r  -1) (wt%) (mg cm -2 10 -3 yr  -1) (~bso) 
V-20-122 
10.0 2.24 0.18 4.47 59.8 486 8.33 
27.0 6.04 0.23 4.47 73.5 769 8.47 
49.0 10.96 0.26 4.47 58.4 671 8.86 
80.0 17.90 0.19 4.47 75.8 651 8.36 
107.0 23.94 0.27 4.47 75.5 911 8.47 
133.5 29.87 0.36 4.47 75.3 1209 7.93 
V-20-126 
18.5 2.99 0.16 6.19 55.9 557 8.38 
41.5 6.70 0.23 6.19 71.0 1028 8.11 
68.8 11.11 0.13 6.19 76.1 627 8.82 
115.0 18.58 0.28 6.19 78.8 1346 nd  
149.0 24.07 0.21 6.19 74.6 947 8.48 
184.0 29.73 0.16 6.19 72.2 720 8.26 
RC-14-105 
1.0 0.16 0.19 6.10 57.7 658 8.49 
11.0 1.80 0.26 6.10 59.7 947 8.30 
20.0 3.28 0.20 6.10 53.2 643 8.39 
34.5 5.66 0.36 6.10 75.6 1678 7.99 
45.0 7.38 0.26 6.10 64.3 1001 8.52 
59.0 9.67 0.22 6.10 64.4 880 8.39 
65.5 10.74 0.29 6.10 63.5 1108 8.06 
85.0 13.93 0.20 6.10 69.3 845 7.70 
97.5 15.98 0.22 6.10 66.1 879 8.48 
111.0 18.20 0.19 6.10 64.3 725 8.45 
135.5 22.25 0.19 6.00 66.5 746 8.37 
143.0 23.50 0.20 6.00 61.6 739 8.20 
147.0 24.17 0.22 6.00 63,8 846 8.26 
153.0 25.17 0.18 6.00 63.4 692 8.34 
158.5 26.08 0.19 6.00 62.7 722 8.25 
168.5 27.75 0.22 6.00 66.7 896 8.37 
V-20-129 
11.0 1.41 0.20 7.78 64.9 999 8.23 
45.0 5.78 0.31 7.78 66.4 1596 8.07 
85.0 10.93 0.27 7.78 62.4 1301 8.23 
139.5 17.93 0.21 7.78 65.9 1066 8.40 
185.0 23.78 0.29 7.78 69.6 1591 8.33 
231.0 29.35 0.27 7,78 68.1 1431 8.63 
RC-10-167 
5.5 2.25 0.20 2,44 85.1 411 8.26 
10.5 4.30 0.21 2,44 86.9 452 8.20 
V-28-294 
1.0 1.16 0.24 0.86 26.8 55 8.19 
16.0 18.60 0.55 0.86 32.5 211 8.10 
samples of the same composition. Resulting 
values for MAR are accurate to about 4-25%; 
our interpretations are based on a several-fold 
variation in MAR. 
The size of the eolian grains was measured 
by an electronic particle size analyzer. Results 
are reported as median grainsize of the total 
eolian component, ¢50 of Folk (1974); repeated 
measurements indicate a precision of 4- 0.05 ¢ 
for these values (Table II). [~b units are the 
sedimentologist's measure of grainsize, 
~b = -log(2) Dram, the negative log to the base 
2 of the grain diameter in millimeters. Thus: 
10q~=l ~m, 9 ¢ = 2  ~m, 8~b=4 pm, etc.] 
The eo l ian  record 
The mass flux of dust to the sea floor in the 
cores along the westerlies transect ranges from 
500 to almost 1700 mg cm-2 10-3 y r - t .  These 
values are similar to those measured for eolian 
deposition throughout  the Plio-Pleistocene at 
nearby sites in the northwest Pacific by 
Janecek (1985). Four of the cores provide 
records that  span the past 30,000 years (Fig.2). 
All of them show moderately low dust inputs at 
present and at 18,000 years ago, the time of the 
last glacial maximum. Maxima in dust flux 
occurred 6000 years ago and about 24,000 years 
ago although the earlier interval has a some- 
what lower flux. When arranged in time slices 
along the transect (Fig.3), the data show that  
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Fig.2. Downcore record of eolian dust flux to the North 
Pacific. Flux maxima occur at about 6000 and perhaps 
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Fig.3. Dust flux along the latitudinal profile for different 
time slices. Throughout the record, the greatest flux is 
always at about 38 40°N. 
the greatest eolian flux has always been in the 
vicinity of 38-40°N. Flux values are nearly 
doubled during the 6000 year-old maximum but 
the lati tudinal position of the peak does not 
change. 
Eolian grains from the northwest Pacific are 
commonly 8.2-8.5 ¢ (3.40-2.76 ~m) in diameter 
(Fig.4), slightly coarser than those sampled 
about 2000 km to the east which are 8.5-8.7 q~ 
(2.76-2.40 #m) in diameter (core KK75-02, 
Janecek and Rea, 1985). Downcore plots of the 
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Fig.5. Eolian grainsize along the la t i tudinal  profile for 
different time slices. Largest  gradients  are at  11,000 and 
6000 years ago. 
eolian grainsize show that  the range of grain- 
sizes along the transect is low at present and 
from 18,000 to 24,000 years ago. The maximum 
sizes occurred 6000 years ago, and the greatest 
range in size occurred at 11,000 years ago (Fig.4). 
The time-slice diagram of eolian grainsize 
(Fig.5) shows how this parameter has changed 
during the past 30,000 years. In the surface 
samples the size of the eolian grains reflects 
the present upper tropospheric winds, being 
coarser south of 39°N. The 18,000 year curve is 
similar to the present. Because we are missing 
the 18,000 year old sample from RC10-167 at 
33.4°N, we can only state that  any significant 
size gradient must lie south of 37.7°N and north 
of 28.4°N at 18,000 years ago. The 11,000 year 
size record shows a significant gradient from 
coarse grains at 39.7°N to fine grains at 42.2°N. 
At 6000 years ago the northerly reduction in 
grainsize decreased to 60°//0 of the 11,000 year- 
old value and the entire gradient shifted north 
3 or 4 ° of latitude. Older sediments show little 
change in grainsize between 18,000 and 24,000 
years ago. The 28,000-30,000 year old samples 
coarsen significantly to the north, a noticeably 
different pattern than that  observed for the 
younger time slices. 
Interpretation and discussion 
Asian aridity 
The flux of dust from the Asian continent to 
the northwestern Pacific was at a maximum 
about 6000 years ago. Flux values at that  time 
reached 1680 mg cm- 2 10- 3 yr -  1, roughly twice 
the overall average values (Fig.2). This obser- 
vation is in general agreement with the work 
of Street-Perrott (1986) showing that  mid- 
latitude Holocene lake levels were at their 
lowest about 7000 to 6000 years ago, with field 
work in Tibet indicating the same conclusion 
(Wang and Fan, 1987), and provides additional 
support for the model result indicating that  
values of precipitation-minus-evaporation in 
the region north of the Himalayas were less 
than today's during the time span 9000-6000 
years ago (Kutzbach and Guetter, 1986). En- 
hanced continental  humidity at 18,000 years 
ago and the present is indicated by reduced 
dust flux values at those times. 
The youngest unit  of the classic Chinese 
Plio-Pleistocene loess sequence is the Milan 
loess which has been dated by thermolumines- 
cence techniques and may range in age from 
about 20,000 to 70,000 years (Kukla, 1987). If 
the proximal land and distal marine records of 
this eolian activity are correlative, then the 
information presented here is consistent with a 
youngest age of about 20,000 years for the 
Milan loess. 
Regardless of the variation in dust supply, 
the lati tudinal position of the flux maxima 
remained unchanged at 38 ° to 40°N. This is 
almost the exact latitude of the dust storm 
region of China which extends from Beijing 
westward through 40 ° of longitude and which 
has been observed for 3000 years (Zhang, 1983, 
1984). The marine record (Fig.3) suggests that  
dust from Asian source regions has been 
transported easterly along roughly the same 
latitude for the past 30,000 years, through 
times of major shifts in global climate. 
Wind intensity 
The eolian grainsize data define the northern 
margin of the zone of intense westerlies, but, 
unfortunately,  not its southern extent (Fig.5). 
Samples representing the 30,000-year old time 
slice might not be predominantly eolian, but 
rather the observed northward coarsening 
m a y  reflect  enhance d  hemipe l ag i c  depos i t ion  
caused by g rea te r  fluvial input  to the  O k h o t s k -  
wes te rn  Ber ing  reg ion  then.  The  24,000- and  
18,000-year t ime  sl ices a re  not  as well  defined 
as the  o the r s  and  seem s imi la r  to the  present ;  
any  large  g rad ien t  in wind in t ens i ty  lay sou th  
of 3 7 . T N  a t  those  t imes.  D u r i n g  deg lac i a t i on  
the  n o r t h e r n  m a r g i n  of  the  in tense  wes te r l i es  
shif ted no r th  to 41°N at  l l ,000 yea r s  ago  and  
con t inued  to 44 or 45°N by 6000 yea r s  ago, a 
po leward  m i g r a t i o n  ra t e  of  abou t  80 km 10 3 
yr  -1. The  infe r red  r educ t ion  in wind in tens i ty  
f rom south  to no r th  across  th is  zone is qui te  
p r o n o u n c e d  a t  11,000 yea r s  ago, p e r h a p s  twice  
t ha t  of  t oday  (based on the  i n t e n s i t y - g r a i n s i z e  
r e l a t i onsh ip  of J a n e c e k  and  Rea,  1985), wi th  
t h a t  at  6000 yea r s  ago be ing  a lmos t  50% la rge r  
(ibid.). Since 6000 yea r s  ago this  n o r t h e r n  
m a r g i n  of the  s t rong  wes ter l ies  has  m i g r a t e d  
back  towards  the  equa t o r  and  become  m u c h  
less p ronounced .  
This  p i c tu re  of  r e t r e a t  of  the  n o r t h e r n  
m a r g i n  of the  in tense  wes ter l ies  to its mos t  
po leward  ex ten t  a t  6000 yea r s  ago is cons i s t en t  
wi th  our  u n d e r s t a n d i n g  of a mid -Holocene  
c l imat ic  o p t i m u m  fol lowed by a more  r ecen t  
cool ing and  wi th  o the r  i n f o r m a t i o n  g leaned  
f rom N o r t h  Pacif ic  sed iments  (Mor ley  et al., 
1986). The  change  in p resumed  wind in t ens i t y  
across  this  bounda ry ,  however ,  did no t  r e a c h  a 
m i n i m u m  at  6000 yea r s  ago, but  r a t h e r  has  
dec reased  c o n t i n u o u s l y  t h r o u g h o u t  the  Holo- 
cene. Changes  in l a t i tude  and  in t ens i ty  of 
zonal  winds dur ing  t imes  of g rea t  c l imat ic  
change  do not,  therefore ,  seem to go hand-in- 
hand.  
Summary 
The  30,000-year record  of  eo l ian  depos i t ion  
in the  n o r t h w e s t  Pacif ic  Ocean  p resen t s  an  
i n t eg ra t ed  p ic tu re  of  bo th  c o n t i n e n t a l  a r id i ty  
and  the  zonal  wes te r ly  winds  du r ing  t h a t  t ime  
period. These  da t a  emphas ize  the  Ho locene  
c l imat ic  o p t i m u m  as the  t ime of  g r ea t e s t  post-  
g lac ia l  a r id i ty  in Ch ina  and  the  t ime when  the  
in tense  core of  the  zonal  wes te r l i es  r e ached  its  
n o r t h e r n m o s t  l a t i t ud ina l  extent .  T h r o u g h o u t  
the  per iod studied,  a t ime of  g rea t  c l imat ic  
change  on the  As ian  cont inen t ,  t r a n s p o r t  f rom 
the  eo l ian  source  reg ion  appea r s  to h a v e  
r ema ined  a t  the  same  la t i tude,  a l t h o u g h  arid- 
i ty  in the  source  a r ea  changed .  
The  eol ian  record  is an  example  of  one type  
of  da ta  t h a t  can  be used to ver i fy  c o m p u t e r  
models  of  pas t  c l imates .  In  th is  i n s t ance  the 
model  resu l t s  of  K u t z b a c h  and  G u e t t e r  (1986), 
i nd ica t ing  enhanced  a r id i ty  in cen t ra l  and 
wes t e rn  Ch ina  du r ing  the  mid-Holocene ,  even 
t h o u g h  m o n s o o n a l  c i r cu l a t i on  m a y  be en- 
hanced  then,  a p p e a r  valid.  
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